The operation of resistively-coupled single-electron transistor (R-SET) is studied quantitatively. Due to the Nyquist noise of the coupling resistance,
Single-electron tunneling 1 attracts considerable theoretical and experimental attention and can be potentially used in important applications including ultradense digital electronics. 2 The simplest and most thoroughly studied single-electron device is the singleelectron transistor 3 (SET) which consists of two tunnel junctions in series. The current through this double-junction system depends on the background charge Q 0 of the central electrode ("island") which can be controlled with an additional external electrode thus providing the transistor effect. In the usual capacitively-coupled SET (C-SET) the charge Q 0 is controlled via the gate capacitance while the other possibility is to use the coupling resistance R g (R-SET) -see Fig. 1a .
C-SET can be relatively easy realized experimentally that also motivated numerous theoretical studies of different problems related to C-SET. In contrast, R-SET has almost not been studied theoretically after the initial proposal, 3 even in the simplest approximation (RC-SET with combined coupling has been considered in Ref. 4 ). The reason is the difficulty of experimental realization of R-SET. In order not to smear the discreteness of the island charge by quantum fluctuations, the gate resistance should be sufficiently large,
and simultaneously the geometrical size of the resistor should be relatively small so that its stray capacitance does not significantly increase the total capacitance of the island. The progress in fabrication of such resistors has been achieved only recently.
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R-SET operation. In this paper we consider the I-V curve and the dependence on the gate potential. We also discuss the smearing of the Coulomb blockade and the reduction of the voltage gain at finite temperatures.
Assuming sufficiently large gate resistance (Eq. (1)) and tunnel resistances, R 1,2 ≫ R Q , and using the "orthodox" theory of single-electron tunneling 1, 12 we describe the internal dynamics of the R-SET by the following master equation:
Here σ(Q) is the probability density to find the total charge Q on the island,
is the total island capacitance, andQ = UC Σ − V C 2 corresponds to the equality between the gate potential U and the island potential φ = Q/C Σ + V C 2 /C Σ . The last term in Eq.
(2) describes the Nyquist noise of the gate resistance being at temperature T r which can in principle differ from the temperature T of the electron gas in tunnel junctions (we assume
are the rates of tunneling through ith junction increasing (+) or decreasing (−) the island charge:
In this paper we analyze only dc characteristics of R-SET, soσ(Q) = 0 is assumed in Eq.
(2).
At T = 0 the Coulomb blockade state is realized when φ = U and the voltages across both tunnel junctions are less than the tunneling threshold,
Outside the blockade range the average currents through junctions,
can be different because of finite gate current
The analysis can be considerably simplified in the limit R g ≫ R 1,2 . Then it is useful to separate the total charge Q = Q 0 +ne into the part Q 0 supplied via R g and the integer charge ne due to tunneling (initial background charge is included in Q 0 ). Because of R g ≫ R 1,2 , the change of Q 0 is slow and the first averaging can be done over the fast tunneling events exactly like for C-SET, that gives e-periodic dependenciesφ(Q 0 ) andĪ(Q 0 ) (the currents through junctions are equal in this approximation).
If the Nyquist term in Eq. (2) can be neglected ( is impossible and the current through R-SET will perform single-electron oscillations 1 with the period τ = e 0 R g /|U −φ(Q 0 )| dQ 0 while the average gate current I g = e/τ . The average output current does not depend on R g and can be easily calculated using the numerical solution for Q 0 (t).
When the ratio R g /R 1,2 is finite, the stationary solution of full Eq. (2) can be found numerically (we will discuss the numerical methods elsewhere). Figure 1b shows the currents I 1 (solid line) and I g (dashed line) for the symmetric R-SET (C 1 = C 2 = C, R 1 = R 2 = R) as functions of the bias voltage V for T = 0, R g /R = 10, and different gate voltages U. Notice strong asymmetry of the I-V curve shape near two thresholds of the Coulomb blockade for U = 0. The slope of the step-like feature grows with the increase of R g /R (the perfect step is realized for R g /R = ∞ as follows from the analysis above). In the large-bias limit (V ≫ e/C Σ , V − U ≫ e/C Σ ) the currents can be found analytically using simple Kirchhoff analysis and taking into account the effective voltage shift e/2C Σ (opposite to the current direction) in each tunnel junction:
voltage offset between the positive and negative asymptotes of I 1 (V ) is equal to (e/C Σ )(2R g + R 2 )/(R g + R 2 ). 
The scaling as T 1/2 makes the effect significant even for T ∼ 10 −3 e 2 /C Σ and thus creates a serious problem for the practical use of R-SET. (Notice that Nyquist noise was similarly the main obstacle for the wide use of resistively-coupled SQUIDs.
)
For ith junction biased below the blockade threshold, the noise-induced tunneling rate can be estimated as can be arbitrary large at T = 0). To check that the main reason for low K V is the Nyquist noise of the gate resistance, we also performed calculations for T r = 0 while T is nonzero.
Dashed line in Fig. 3 shows such a result for T = 0.005e 2 /C. For this curve the maximum K V ≃ 7, to be compared with K V ≃ 1.2 for the corresponding curve with T r = T .
The inset in Fig. 3 shows the control curves on the larger scale. The asymptotes of V-U dependence can be calculated similar to that for the I-V curve,
However, in the case R g ≫ R i the V-U asymptotes are reached only at very large U because it requires sufficiently large junction currents,
In Fig. 3 The optimal loading and the voltage symmetry is provided by complementary R-SETs.
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In this case (similar to the case R L → ∞) the maximum temperature T max at which K V > 1 is still achievable, is close to 0.011e 2 /C for R g /R = 10 (0.010e 2 /C for R g /R = 3 and 0.012e 2 /C for R g /R = 30). This value is less than one half of T max = 0.026e 2 /C for the inverter based on the C-SETs 14 (moreover, for C-SET it is achieved at twice larger total island capacitance).
In conclusion, while R-SET outperforms C-SET at T = 0 (in terms of the voltage gain), its characteristics degrade with temperature much faster than for C-SET due to the Nyquist noise of the gate resistance (because of T 1/2 scaling). As a result, at T > ∼ 10 −2 e 2 /C Σ the R-SET performance becomes comparable or even worse than that of C-SET. Nevertheless, insensitivity to the background charge and the nonoscillatory dependence on the gate voltage can still be the principle advantages of the R-SET for some applications.
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